New outbreaks of foot-and-mouth disease (FMD) occurred in cattle herds in Nigeria during [2007][2008][2009]. The objectives of the study reported here were (i) to identify current FMD virus strains circulating in cattle herds and (ii) to identify exposure factors associated with a seropositive diagnosis of FMD in cattle herds. This study provides evidence that FMD virus serotypes O, A and SAT-2 were co-circulating in cattle herds in Nigeria during 2007-2009. Cattle herds in a neighborhood affected with FMD had higher odds of being classified as seropositive to FMD, compared to herds that were in a neighborhood not affected with FMD (OR = 16.27; 95% CI = 3.61, 18.74; P < 0.01). Cattle herds that share water points along the trek 2 routes with other cattle herds had higher odds of being classified as seropositive to FMD (adjusted OR = 4.15; 95% CI = 0.92, 18.74; P < 0.06). Results from this study can be used by veterinary services in Nigeria and neighboring countries to evaluate current or future FMD control and eradication programs.
Introduction
Foot and mouth disease virus (FMDV) is an RNA virus of the Picornaviridae family that naturally infects cattle and other livestock species, causing an acute illness characterized by lameness and vesicular lesions in the buccal cavity, interdigital space and teats. There are seven FMDV serotypes worldwide (O, A, C, Southern African Territories: SAT-1, SAT-2, and SAT-3, and Asia-1). The genome is over 8 kb in length and encode four structural proteins (SPs, VP1, VP2, VP3 and VP4) that form an icosahedral capsid, and a total of ten mature nonstructural proteins (NSPs) (L, 2A, 2B, 2C, 3A, 3B, 3C, 3D; or some complex, such as 3AB or 3ABC) (Mason et al., 2003; Ma et al., 2011) .
Foot-and-mouth disease (FMD) is considered one of the most contagious diseases affecting economically important livestock species such as cattle, sheep, and pigs in the 2007 Terrestrial Animal Health Code by the World Organization for Animal Health (Office-International-desEpizooties) (Orsel et al., 2009 ). Although FMD is reported worldwide, it is particularly endemic in sub-Saharan Africa, with widespread outbreaks of clinical disease occurring almost yearly Rweyemamu et al., 2008) . In sub-Saharan Africa, two cycles of FMD occur: one where the virus circulates between wildlife and domestic animals and the other where the virus spreads among domestic animals . In southern Africa and eastern Africa, the cycle between wildlife and domestic animals occurs, while in West Africa, due to the low numbers of wildlife, the disease is maintained mainly in domestic animals. Six serotypes (A, O, C, SAT-1, SAT-2, and SAT-3) have been identified in Africa and four in West Africa (A, O, SAT-1, and SAT-2) . Disease control has become more complicated because of marked regional differences in the distribution and prevalence of various serotypes and topotypes (Knowles & Samuel, 2003; Vosloo et al., 2004; Sahle et al., 2004) .
Foot-and-mouth disease was first reported in Nigeria in 1924 in sporadic outbreaks in cattle herds attributed to serotype O virus (Libeau, 1960) . Subsequently, other serotypes (A, SAT-1 and SAT-2) were identified, and each of these introductions was associated with trade of cattle entering Nigeria from neighboring countries (Owolodun, 1971; Nawathe and Goni, 1976; Durojaiye, 1981) . The disease remains endemic because other transboundary animal diseases (rinderpest, African swine fever, highly pathogenic avian influenza) have been assigned higher priorities by Nigeria's national veterinary services, movement of cattle is not controlled, and vaccination is not practiced except for a few established farms that have exotic animals. Control and eradication of FMD in Nigeria is important to meet a growing population's high demand for animal protein and to access regional and international markets of animals and animal products. 
Materials and methods

Study site
Nigeria is a West African country that shares largely uncontrolled land borders with the Republic of Benin in the west, Chad and Cameroon in the east, and Niger in the north. Its coasts lie on the Gulf of Guinea in the south and it borders Lake Chad to the northeast. The country has a cattle population of ~ 16 million (FAO, 2012) aside the countless heads of cattle that cross the various borders into the country daily. The country serves as a major meeting point for most of cattle arriving from certain West and Central African countries (Sumption et al., 2007) in view of the abundant feed resources, the enormous human population, geographic contiguity to many countries and the relative wealth/purchasing power of the country in the sub-region.
The majority of the Nigerian cattle move from the extreme north of the country down towards the south traversing the Sahel Savannah, Sudan Savannah, Guinea Savannah, the sub-humid and the humid belts of the country largely in search of available feed resources (Fadiga et al., 2011) .
The study cattle populations based on residency of the animals include the:
i. Sedentary (cattle population that are managed under a semi-intensive system, they are resident near human habitats and only rarely move within a few kilometers from human populations. Feedstuffs and water are often provided for the animals but animals are supplemented by grazing).
ii. Pastoralist (the majority of Nigerian cattle which mainly traverses the national, state and other boundaries in search of food and water. These extensively raised animals and their owners move through the different ecoclimatic zones and sometimes come into contact with wildlife and human habitats on their ways. The owners are often involved in conflicts with arable farmers due to damage to the crops of the latter).
iii. Cattle market (animals that may originate from any two of the above but are resident in or around the livestock markets. Such markets are well established in major cities, main boundaries and certain points along the trek routes and operators of such markets often keep a few cows which they sell from time to time).
iv. Others (a not well defined system of cattle residency which may be a mix of the defined populations above). Epizooties guidelines (Kitching and Donaldson., 1987) .
Identification of FMD virus strains
At the NVRI, blood serum samples were processed for detection of FMDV non-structural protein (NSP) antibodies using an ELISA test (3-ABC ELISA; Prionics, Lelystad B. V., The Netherlands) and recommended procedures (Brocchi et al., 2006) . The test detects antibodies to the FMD NSP 3-ABC antigens (expressed as a recombinant antigen using a Baculovirus) which are directly coated onto a microplate. The Optical Density (OD) of the ELISA results were measured at 450nm on a Multiskan® spectrophotometer (Thermo Scientific, USA), and the results were expressed as Percentage Inhibition relative to the OD 450 max. Samples with PI ≥ 50% were considered positive, while PI < 50% negative using the formula: PI = 100 - [OD 450 test sample/OD 450 max] x 100 (Sorensen et al., 1998) .
The 3-ABC ELISA test is used to differentiate FMD-infected from FMD-vaccinated cattle. Footand-mouth disease virus infection in cattle induces antibodies against both structural proteins (SP) and NSP. Cattle vaccinated with a NSP-free vaccine produces antibodies against SP, but not against NSP. A seropositive result is an indication of previous exposure of cattle to FMDV. The estimated specificity of the test in non-vaccinated and vaccinated cattle = 97-99% (Brocchi et al., 2006; Engel et al., 2008) . The estimated sensitivity in non-vaccinated cattle = 97-100% and in vaccinated cattle = 85-86%. Following NVRI's standard operating laboratory procedures, to ensure the quality control and internal validity of the ELISA test, each serum sample was tested in duplicates (two wells), and the mean value of both outcomes was used for each sample.
However, for samples where the paired test outcome was not within 10% of the mean value, or where one well was positive and the other negative, a retest was conducted to confirm seropositivity or seronegativity. Similarly, a plate that has up to 20% retests (8 paired serum) had all the samples retested.
In addition, as part of a cooperative agreement between the NVRI and the World Reference Laboratory for Foot and Mouth Disease (WRLFMD) in Pirbright, UK, a total of 50 epithelial and vesicular fluid samples were shipped from the NVRI to the WRLFMD for isolation and identification of FMDV strains. These samples were collected from cattle in North Central (n =14), North East (n = 20) and South West (n = 16) regions of Nigeria; cattle were affected with FMD-like clinical signs and were classified as seropositive to FMDV NSP antibodies. Samples were packaged according to international standard for transportation of infectious materials affecting animals (OIE, 2008) . At the WRLFMD, all samples were tested for diagnosis of FMDV by virus isolation and reverse transcription (rt) PCR (Bronsvoort et al., 2004) . Virus isolation was attempted from all samples in primary bovine thyroid cell culture. All cultures showing FMDV cytopathic effect were harvested and serotyped using an ELISA. All viruses that were recovered from epithelial or vesicular fluid samples were sequenced using a WRLFMD standard protocol (Bronsvoort et al., 2004) . Furthermore, a phylogenetic analysis of FMDV isolates was conducted using regions of a VP1 sequence to calculate distance values between isolates. Distances of < 5% were considered to identify same "strains", distances between 5 to 15% to indicate that the virus strain has been in the region for some time and evolved from a distant common ancestor, and distances > 15% to indicate that the virus strains are unrelated.
Case-control study
A case-control study was conducted to examine investigated exposure factors associated with a positive diagnosis of FMD in cattle herds.
Selection of case herds
Case herds (n = 68) were those with cattle affected with FMD-like clinical signs or oral lesions and that were classified as seropositive for FMDV NSP antibodies using the 3-ABC ELISA. A herd was classified as seropositive if at least one animal in the herd was seropositive to FMDV NSP antibodies.
Selection of control herds
Control herds (n = 68) were randomly selected from a list of cattle herds with no evidence of FMD-like clinical signs or oral lesions that were investigated as part of an FMD outbreak investigation in [2007] [2008] [2009] . All cattle herds were classified as seronegative for FMDV NSP antibodies using the 3-ABC ELISA. These herds were investigated by a NVRI veterinarian because (i) the herd was within a radius of 1 km from a cattle herd classified as seropositive to FMDV or (ii) the herd had history of contact (physical, mouth-to mouth or same pasture/water source) with a cattle herd classified as seropositive to FMDV. Control herds were matched individually to case herds by period/date of sampling (month), herd size (<50, 51-100, 101-150, >150) and type of operation (dairy, beef, dairy and beef).
Data collection
A structured questionnaire was developed for collection of herd-level exposure factors' data.
The questionnaire was developed in collaboration with NVRI veterinarians, and it was prepared in three dialects (ie, Fulfulde, Hausa and Yoruba), and translated by native speakers for easy communication with producers in the different ethnic groups. For each cattle herd, the following information was collected: herd size (1-50, 51-100, 101-150, ≥ 151); type of operation (dairy, beef, dairy and beef); years of operation (1-5, 6-10, > 10); farmer has > 1 practice/facility (no, yes); cattle herd residency (sedentary, pastoralist, cattle market, other); animal origin (North, South, North and South); farmer and cattle share water points on the trek with other herds (no, yes); neighboring village shares water points (no, yes); neighboring village shares grazing reserves (no, yes); farmer and cattle herd share trek route (no, yes); distance travelled per day (≤ 7 km, > 7 km); farmer and cattle herd share pasture with other herds (no, yes); farmer and cattle cross national boundaries (no, yes); farmer and cattle cross state boundaries (no, yes); farmer and cattle cross game reserves and parks (no, yes); farmer has sighted wild ungulates/ruminants (no, yes); cattle in contact with wild animals (no, yes); there is a pig farm in the neighborhood (no, yes); cattle is used for farm work (no, yes); cattle graze with sheep (no, yes); cattle graze with goats (no, yes); cattle herd was reported by the producer as being vaccinated against FMDV (no, yes); cattle cross national highways (no, yes); use of manure from outside farms (no, yes); vehicles have free access to the farm (no, yes); there was one or more other cattle herds affected with an outbreak of FMD or FMD-like lesions in the neighborhood (a radius of 1 km) in the last 30 days (no, yes); there is a cattle market in the neighborhood (no, yes); there is a meat market in the neighborhood (no, yes); there is a veterinary clinic in the neighborhood (no, yes). In this study, an outbreak of FMD in the neighborhood was defined as a new case of FMD in one or more cattle herds with report of FMD-like lesions by the farmers and confirmation through laboratory method (NSP FMD 3-ABC ELISA). A neighborhood was defined as a geographic area with several owned cattle herds within a 1 km radius. Such populations may exist with or without individual fences or biosecure barriers that prevent direct contact between cattle herds.
Exposure data reflected the status of the study herd before it was classified as a case or control herd.
Data analysis
Conditional logistic regression was used to model the odds of being a case herd as a function of investigated exposure factors. Initial screening of potential risk factors for FMD was performed by the use of univariable conditional logistic regression (Hosmer and Lemeshow, 2000; Cytel Software Corporation, 2000) . Exposure variables with P values ≤ 0.20 were considered for inclusion in a multivariable logistic regression analysis. Associations between exposure variables (P ≤ 0.20) were examined, and when a pair of variables was associated by use of a X 2 test, (two tailed), the exposure variable judged as most biologically plausible was used as a candidate in the multivariable analysis. A forward stepwise approach was used to identify variables associated with a positive diagnosis of FMD. To determine the best fitting model, the variable with the smallest P value in the univariable analysis was entered into the model first. Thereafter, each of the remaining variables was added to the model containing the first variable to determine if confounding was present (eg, 10% change in the odds ratio); variables had to have a P value ≤ 0.10 to be retained in the model. Following fitting of the main effects model, interaction terms between explanatory variables in the model (e.g., outbreak of FMD in the neighborhood and farmer and cattle herd share water point on the trek with other herds) were tested for significance using the likelihood ratio test. Fit of the final model to the data was assessed by a visual examination of residual plots (standardized delta-beta values vs observation number and deltabeta values vs fitted values). Case-control sets that had herds with extreme delta-beta values and low fitted values were excluded from the analysis to evaluate their influence on estimated odds ratios (OR). In the final model, the adjusted OR and 95% confidence interval (CI) were reported.
Results
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Results 
Case-control study
This present study included 68 case herds and 68 control herds in Nigeria. Seven of 68 case
herds had one animal that tested positive to FMDV NSP antibodies. Sixty-one of 68 case herds had 2 or more animals that tested positive to FMDV NSP antibodies. Nine of the 68 case herds were confirmed as FMD-infected by virus isolation and sequencing and phylogenetic analysis of the VP1 gene, and 7 additional case herds were confirmed by rt-PCR only. The geographic distribution of case and control farms is presented in Figure 2 . Most case and control herds were herds with ≤ 50 cattle head (see Table 1 ). In the univariable analysis, 14 variables had values of P ≤ 0.20 and were further analyzed for biological plausibility, magnitude of association, and statistical significance. The other 15 variables dropped because they were not significant include herd size (not tested); type of operation (not tested); farmer has > 1 practice/facility (P = 0.43);
animal origin (P = 0.56); distance travelled per day (P = 0.24); farmer and cattle cross state boundaries (P = 0.22); cattle in contact with wild animals (P = 0.21); there is a pig farm in the neighborhood (P = 0.85); cattle is used for farm work (P = 0.21); cattle graze with sheep (P = 0.72); cattle graze with goats (P = 0.59); cattle herd was reported by the producer as being The isolates (nine SAT 2; four A and two O serotypes) were from Minna in Niger; Jos/Shendam in Plateau; Nabordo/Tafawa-Balewa in Bauchi and Yola in Adamawa states of Nigeria.
vaccinated against FMDV (P = 0.27); use of manure from outside farms (P = 0.59); there is a meat market in the neighborhood (P = 0.37); there is a veterinary clinic in the neighborhood (P = 0.68).
The explanatory variable for 'FMD outbreak in the neighborhood' was associated (P < 0.05) with the variable for 'cattle market in the neighborhood'. The variable for 'farmer and cattle herd share water point along the trek routes with other herds' was associated with the variables for 'neighboring village share water points' and 'neighboring village share grazing reserves'. The variable 'neighboring village share water points' was associated with the variable for 'neighboring village share grazing reserves'. Finally, the variable for 'neighboring village share grazing reserves' was associated with the variable for 'farmers and animals share trek route'.
In the multivariable analysis, the variables for 'FMD outbreak in the neighborhood' and for 'farmer and cattle herd share water point along the trek routes with other herds' were retained in the final model (Table 2) . Addition to the model of the interaction term between these two variables was not significant (P = 0.48) and this term was removed from the model. Visual examination of residuals revealed that delta-beta values for the two variables kept in the final model were not extreme (i.e., not > 1), which supported overall goodness of fit. Analysis of residuals (set of case and control herds with the largest delta-beta value and lowest fitted value) indicated the existence of influential observations; however, removal of these observations did not change the finding of greater risk associated with 'FMD outbreak in the neighborhood' and for 'farmer and cattle herd share water point along the trek routes with other herds'. 
Discussion
Identification of FMD virus strains
This study provides evidence that FMDV serotypes O, A and SAT-2 were co-circulating in cattle The distance between the nine SAT-2 isolates from Nigeria and one isolate from Sudan (2007) ranged from 4.78 to 5.25%. Similar to the relationship described above between serotype O isolates, the relationship between SAT-2 serotypes in Nigeria and Sudan can be explained by trade of cattle from Sudan across to Cameroon (through the Ngoui market on the border with the Central African Republic) near the border region with Nigeria (Bronsvoort et al., 2004) . 
Case-control study
This study produced epidemiologic evidence that both direct and indirect transmission of FMD occurred between cattle herds caused by a neighborhood effect and by cattle herds sharing water points. Cattle herds in a neighborhood affected with FMD had higher odds of being classified as seropositive to FMD, compared to herds that were in a neighborhood not affected with FMD (adjusted OR = 16.27; 95% CI = 3.61, 18.74; P < 0.01). Neighborhoods in rural Nigeria allow for direct and indirect contact between animals. Cattle herds are not confined in fenced premises.
Usually, cattle (particularly calves) are not penned/tied down at night, and this practice can be a source of direct and indirect contact between cattle. A neighborhood effect for FMDV transmission between herds has been identified in other countries (Ellis-Iversen et al., 2011) .
Airborne spread of FMD from swine to nearby cattle and sheep, and an increase in the movements of vehicles and personnel engaged in disease control efforts perhaps facilitated local spread of FMD during the epidemic in the UK in 2001 (Mansley et al., 2011) . During the outbreak in the UK in 2007, FMDV was accidently released from a joint vaccine production and diagnostic laboratory site in Pirbright, UK, most likely leaked through poorly maintained effluent pipes and transported off-site to two cattle farms nearby via mud or soil on vehicle wheels (EllisIversen et al., 2011) . In that outbreak, a higher proportion of young stock was observed in case farms compared to other farms, suggesting an association between age and FMD status. In addition, inadequate biosecurity was identified as a risk factor for FMD transmission between cattle premises during the outbreak in 2007 (Mansley et al., 2011) .
In this study, cattle herds that share water points along the trek routes with other cattle herds had higher odds of being classified as seropositive to FMD (adjusted OR = 4.15; 95% CI = 0.92, 18.74; P < 0.06). In Nigeria, there are established old grazing reserves and watering points along the trek routes, and animals originating from different locations share these reserves and watering points. In addition, rivers crossing the routes of these animals are shared by both FMDinfected and susceptible cattle herds which congregate together. A similar type of exposure and disease transmission between FMD-infected and susceptible animals has been documented in South Africa. At the Kruger National Park, between May and November, there is scarcity of water in the Park, and buffalo potentially infected with FMDV congregate around available water points providing an opportunity for direct and indirect contact with susceptible domestic livestock (Jori et al., 2009 Plateau, 3 from Bauchi, and 1 from Adamawa) had only one seropositive animal, and these herds
were not confirmed as infected by virus isolation or rt-PCR. Because the 3-ABC ELISA test used in this study is not perfect (Brocchi et al., 2006; Engel et al., 2008) , it is possible that one or more case herds were misclassified. Another limitation was observation (exposure) bias. For example, the accuracy of a producer to classify his/her cattle herd as vaccinated was not assessed in this study. In Nigeria and other countries in sub-Saharan Africa, the mobility and dispersion of nomadic pastoralists present significant financial and logistic constrains to veterinary services for vaccination of livestock.
Overall, the study results revealed that FMDV serotypes O, A and SAT-2 were co-circulating in cattle herds in Nigeria during [2007] [2008] [2009] . Based on results from the phylogenetic analysis, it is possible that the same SAT-2 strain has caused multiple outbreaks of FMD in cattle in Nigeria, Sudan, Niger Republic and, possibly, Cameroon for the last 10 years. Finally, combined results from the phylogenetic analysis and the case-control study suggest that FMD seropositivity in cattle herds was associated with exposure to neighborhoods with FMD activity and by cattle herds sharing water points. Results from this study can be used by veterinary services in Nigeria and neighboring countries to evaluate current or future FMD control and eradication programs. 
